Abstract An experimental study of scalar mixing in a laminar vortex is presented for vortices generated between two gas streams flowing parallel to each other in a rectangular flow channel. An isolated line vortex is initiated on demand by momentarily increasing one stream velocity in relation to the other using an electromagnetically actuated piston. The temporal piston motion profile is tailored to generate vortices of different strengths corresponding to vortex Reynolds numbers, Re " C/ 2pm=130-210. Evolution of mixing is monitored by laserinduced fluorescence of acetone vapor premixed into one of the gas streams as the vortex structure evolves with increasing downstream distance from its point of origin. Vortex is generated by pulsing either of the gas streams (seeded or unseeded stream). Vortex initiation process affects the abundance of the gas in the vortex core from the pulsed stream. Spatial mixing statistics are obtained by determining scalar concentration probability density functions (pdf) and the mean mixed fluid concentrations obtained from these pdfs. It is found that the interfacial area generation as a result of vortex kinematics and molecular diffusion along this interface are principally responsible for mixing. The mean mixed fluid concentration in the vortex interaction region scales with the product of vortex circulation and the elapsed time of interaction. These results are similar to those found in liquid mixing experiments, but the rate of mixing is significantly higher due to higher diffusivity of gases.
Introduction
Turbulent mixing of different liquids and gas species is widely employed in many technical applications. Various manifestations of turbulent mixing are also found in nature such as large scale geophysical flows in oceans and in the atmosphere. Vortical mixing is typically the dominant mixing enhancement mechanism in turbulent flows. Vorticity magnitude and its distribution determine, to a large extent, the rate of turbulent mixing. Turbulent mixing of different species is naturally a complex process involving both the complexity of the underlying turbulent flow and mass transport at a multitude of length and time scales associated with it (Pope 2000) .
One way of illuminating the understanding of the complex turbulent mixing problem has been the suggestion to study mixing in the field of a vortical structure in an isolated manner. To this end, numerous analytical, computational and experimental studies have been conducted. The seminal analytical study of mixing and reaction in the field of a vortex was conducted by Marble (1985) and Karagozian and Marble (1986) . They have studied analytically the interaction of a line vortex coincident with a planar diffusion flame which is wrapped around the center of a vortex, providing mixing and combustion enhancement as a result of contact area generation and higher rate of diffusion. Many studies on vortex-flame interactions have followed their work with the objective of developing a better fundamental understanding of turbulent combustion using simple vortex-flame interaction studies (see for instance, studies by Laverdant and Candel 1989a , b, Cetegen and Sirignano 1990 , Peters and Williams 1988 . A number of different experiments have been devised for studying flame vortex interactions. They range from flames interacting with shear layers or wakes behind bluff bodies to impingement of a vortex onto a flame and studies of the resulting interaction. Both diffusion and premixed flame configurations have been examined. A detailed review of the dynamics of flame-vortex interactions has been presented by Renard et al. (2000) .
While turbulent combustion has been a major motivation for the above-mentioned studies, the turbulent scalar mixing without chemical reactions has also been studied by numerous investigators. Fluid mixing in many different types of flow configurations has been described by Ottino (1982 Ottino ( , 1989 and studied computationally (for example, Cetegen and Aguirre 1990) and experimentally by various investigators. Among them, Cetegen and Mohamad (1993) has designed an experiment in which the mixing region between two parallel laminar streams of liquid interacting with an imposed line vortex to determine the resulting mixing enhancement. Other studies such as those by Rolon et al. (1995) , Drsicoll et al. (1996) concerned ejection of vortex rings into a quiescent gas during which mixing and combustion fields were characterized. Many of the contemporary experimental studies involved the use of nonintrusive optical diagnostics most notably planar laser induced fluorescence, Rayleigh and Mie scattering.
In this study, the experimental configuration utilized by Cetegen and Mohamad (1993) is extended to gaseous flows to determine the effect of a line vortex on mixing enhancement. The employed idea is a straightforward extension of a shear layer configuration. Instead of two different velocity streams being brought together at the trailing edge of a splitter plate, the two laminar flow streams having the same velocity are brought together and begin to diffuse into one another upon merging at the trailing edge of the splitter plate, creating a laminar diffusion layer between the streams. If the velocity of one of the streams is momentarily raised sufficiently above its steady state value, a vortex is shed-off at the trailing edge of the splitter plate and the vortex interaction with the diffusion layer can be tracked as the vortex convects downstream. Study of vortex-mixing interactions using this technique has, however, some differences from the idealized configuration of temporal evolution of a vortex coincident with an otherwise undisturbed interface between the two fluids that was studied analytically. The first difference is that the vortex core contains an abundant proportion of the fluid from the pulsed stream compared to the perfectly antisymmetric engulfment of fluid from both sides modeled in analytical and computational studies. The second difference is that the diffusion layer between the two streams grows spatially downstream with the upstream and downstream parts of the diffusive interface being of different ages. Nevertheless, this experimental configuration is realistic as vortex interaction with diffusion layers will always involve such effects.
In this article, implementation of the experimental technique is first described. The use of planar laser induced acetone fluorescence for measuring scalar concentrations is subsequently explained along with the data analysis techniques. The experimental results are then presented for mixing evolution in the field of generated line vortices.
Experimental systems

Flow apparatus
The apparatus used for these experiments consists of a convergent two dimensional channel with a splitter plate dividing the nozzle into two equal zones about the splitter plate as schematically shown in Fig. 1 . At the entrance of the test section, each nozzle segment has internal dimensions of 2.0·6.0 cm. The test section consists of four quartz windows extending a downstream distance of 10 cm. Upstream sections of the flow channels contain a series of flow straightening elements including a bed of glass beads, a layer of honeycomb and screens. At the bottom of one of the chambers was a 5 cm diameter cylindrical volume into which a Teflon piston was fitted. The Teflon piston was actuated by an electromechanical shaker which had a maximum stroke length of 26 mm. Different DC voltage ramps were applied to the mechanical shaker to initiate vortices with different degrees of circulation. Both flow chambers were supplied separately by air metered by electronic flow controllers (Porter Instruments Model 251). One of the two streams was seeded with acetone vapor by bubbling the air through a vessel containing acetone that was immersed into a temperature controlled water bath (Fischer Scientific, Isotemp 105) at a temperature of 60°C. The acetone vapor containing stream was then mixed with the remainder of room temperature air and passed through a condensation trap to prevent any acetone vapor condensation inside the vortex apparatus. The acetone bath temperature and the bypass flow rate was adjusted until good acetone LIF signal was obtained without any condensation in the test section. The vortex generation was initiated from either the acetone-seeded air stream or the unseeded air stream.
Planar laser-induced acetone fluorescence
The principal experimental technique utilized in this study was laser induced fluorescence from acetone vapor as first described by Lozano et al. (1992) . Among the available optical scalar concentration measurement techniques, acetone fluorescence was selected because it provides a molecular tag as compared to Mie scattering from smoke particles that do not diffuse as a molecular species, thus bringing to question measurements utilizing particles in gas flows. Acetone fluorescence has been widely used for laser-based concentration measurements in both reacting and non-reacting flows. In our implementation, the fourth harmonic beam (k=266 nm) of a pulsed Nd-YAG laser (Continuum YG-681-10) was formed into a 100 lm thick, 30 mm high laser light sheet that illuminated the mid-span of the flow in the optically accessible section of the apparatus. In order to improve the excitation light intensity, the laser sheet was reflected back onto itself by a mirror creating effectively a dual pass illumination. The laser pulse energy was about 30 mJ which was the maximum achievable with the current condition of our laser. The nominal pulse duration was 10 ns. The fluorescence was collected by f=1.4 optics onto a 1,317·1,035 pixel CCD camera (Photometrics, CH 250).
The vortex generation and image acquisition tasks were coordinated by an electronic delay generator (Stanford Instruments Model DG 535) and a computer equipped with a data acquisition board (National Instruments Model PCI-6036E) and LabView software. The voltage-time profile generated by the computer was in the form of a negative voltage ramp to -V o at which a short dwell time was allowed. Subsequently, a time adjustable positive voltage ramp was imposed to +V o followed by another dwell time at +V o as shown in Fig. 2 . This voltage profile with typical values of V o =0.5-1.5 V was amplified by a DC power amplifier (Kepco, Model BOP15-20M) before being fed into the electromechanical shaker. This voltage profile allowed the shaker to retract from its neutral position to its minimum position during the negative ramp and its full excursion to its maximum position during the positive voltage ramp. Piston motion and velocity were measured by imaging the linear motion of the marked piston shaft for different voltage/actuation time profiles to determine the best combination of parameters for vortex generation.
The timing of the vortex imaging was carried out in the following manner. The laser fire signal at 10 Hz was used as the master signal to coordinate the experiment's timing. Vortex generation was initiated by externally triggering the computer from the adjustable time delayed signal slaved to the laser fire signal. Another time delay was introduced for the camera gate to coincide with one of the laser pulses illuminating the vortex in the test section. The time delays were slowly varied to capture vortices at different convection distances in the test section.
Image acquisition and processing
In each experiment, three sets of images were collected for image processing including the actual vortex image, the image of the field without the acetone seed to account for background and wall reflections from the laser sheet, and the image of the uniformly mixed acetone vapor occupying the whole test section to determine the non-uniform laser sheet response at a uniform acetone concentration. The image analysis proceeded first by subtracting the background from each vortex image and normalizing it by the average response image to remove any non-uniform illumination effects. Further post processing of the images involved stripe correction that was necessitated because of small particles (typically dust) landing on optical surfaces along the laser beam at times. Binning (2·2) of the images was employed to boost the signal levels. After binning, the spatial resolution was 16 pixels per mm in the object plane. Use of an image intensifier was avoided as it introduces significant electronic noise in the acquired data. Based on the background intensity levels and the typical acetone LIF intensities in these experiments, the signal-to-noise ratio was estimated to be around 20. Image processing was carried out in the Macintosh platform using the photometric image processing software of Long (2003) .
Results and discussion
In this section, the experimental results are presented and discussed in the following order. First, the overall characteristics of the vortices are presented including their spatial evolution and determination of vortex circulation. Next, the method of analysis of the measured concentration profiles is described and the mean fluid concentration and its variance are given as functions of vortex evolution and circulation. Finally, the results are presented in terms of the product vortex strength and time of interaction.
3.1 General description and vortex strength Figure 3 shows a sequence of vortex images obtained by acetone PLIF as the generated vortex convects downstream in the flow channel. The top two images show the diffusion layer between the two gas streams prior to vortex initiation. The stability and location of the diffusion layer are sensitively dependent on the equalization of the flow rates of the two streams. Some meandering of the trailing edge of the diffusion layer occurred occasionally even when the flows were well balanced. The left column shows the vortices generated by pulsing the unseeded air stream with the core of the vortex being mostly devoid of the acetone seeded stream. The right column shows the image sequence for the case of the acetone-seeded stream being pulsed to generate the vortex. These images show that the generated vortices are not perfectly antisymmetric about the vortex center with the pulsed stream having a larger penetration into the core of the vortex. This is due to the generation mechanism wherein a tongue of pulsed stream fluid penetrates into the adjacent stream. In these experiments, it was found that the generated vortices were very repeatable at a given set of conditions as shown in the example given in Fig. 4 . Variations in the vortices and some instabilities were observed at the highest vortex circulation corresponding to the fastest piston motion. This effectively limited the upper bound of the vortex strength that could be studied in this apparatus. At low circulation limit, the studied vortices were limited to those which resulted in appreciable roll-up of the interface. Below a certain limit, the diffusion interface merely distorted and it did not result in sufficient vortex roll-up. Since the shown images were obtained in the midspan of the test section where laser illuminated the flow, the possibility of three dimensional effects was checked by a smoke visualization technique. Figure 5 shows the superimposed spanwise images of a line vortex taken by laser Mie scattering during its convection through the test section. These images show the successive vortex rolls that remain mainly horizontal and straight during their convection suggesting that the two dimensionality of the line vortices was well preserved.
In order to determine the vortex circulation, a number of different methods can be employed. Vorticity can be determined based on the piston motion characteristics and the resulting velocity gradient at the splitter plate edge. Another way of determining the vortex circulation relies on the growth rate of the vortex (see for example, Cetegen and Mohamad 1993) and can be described as follows. Assuming that the vortex formation is essentially an inviscid process, path of a fluid element originally coincident with the diffusion interface can be obtained from the velocity field given for a potential vortex as,
where r is the radial location of a fluid element from vortex core, h is its angular displacement from its original position and C is the vortex circulation. Since Eq. 1 suggests that the path lines are circular, they can be integrated to obtain a relationship between the vortex circulation C and the vortex size as, 
where r * refers to the radial position that rotates h=p/2 in t * . In the second expression t * has been replaced by l * / U c where l * is the distance from the splitter plate and U c is the velocity with which the vortex convects. A plot of pr * 2 ,where r * stands for the radius of the edge of the outer spiral as indicated in Fig. 4 , versus (2ml * /U c ) can be utilized to determine the vortex strength or Reynolds number, Re=C/(2pm). This is shown in Fig. 6 for the three vortex generation conditions studied corresponding to the voltage ramp profiles given by V o =0.5, 1.0 and 1.5 V and a rise time of 0.02 s. It is seen that the vortex growth conforms to the linear relationship given by Eq. 2 along the convection path of vortices. The vortex Reynolds numbers, Re ¼ C=2pm for the three
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Air side pulsed Acetone side pulsed Fig. 3 Evolution of a line vortex generated along a interface between two gas streams (top images) at a vortex Reynolds number of Re=160. Left column is the progression for a vortex generated by pulsing the unseeded stream, right column is that of a vortex generated by pulsing the acetone seeded stream cases were calculated as 130, 160 and 210. While one would like to span a wider range of vortex strengths or Reynolds numbers, the high and low values were limited by the experimental configuration and the intensity with which the vortex can interact with the diffusion layer.
Mixing analysis
In order to determine the amount of mixing that resulted from vortex interaction, the preprocessed vortex images were analyzed in the following manner. For each series of vortex images, a region with a lateral and streamwise extent of 1.5 and 2.4 times the vortex span (2r * in Fig. 4 ) centered around the vortex core was processed to determine the probability density function (pdf) of scalar concentration P(c) for each image. This was performed in the image processing software by counting the number of image pixels having intensities corresponding to each small concentration range. One hundred bins were used in obtaining these pdfs. Once all the counts were determined, the counts were divided by the total count of image pixels to obtain the normalized pdfs. In the experiments, typically five to ten images were acquired at each location. Because of the aforementioned repeatability of the vortices, five images were found to be sufficient to have an accurate representation of the pdfs. These pdfs were re-scaled and normalized such that with low but finite probabilities of mixed fluid concentrations in between. As mentioned earlier, the repeatability of the vortices and the resulting pdfs were found to be very good as indicated by the overlay of the data from different images corresponding to different data symbols. At later stages of vortex interaction, the probability of the mixed fluid regions in the vortex core and the braids increased as indicated by the probability peak developing in the intermediate concentration range as shown in Fig. 8 . Once again the repeatability of the results was found to be excellent.
Two measures of mixing were calculated from the pdfs as the mean mixed fluid concentration and its variance, Fig. 8 The probability density function of normalized concentration for Re=130 at the last imaging location be carefully chosen based on the dispersion of the free stream fluid concentrations predominantly due to the noise in the images. From analysis of the images taken, it was found that a low clip value of 10% was acceptable for most cases, whereas one standard deviation was taken as the appropriate high cut-off limit. While the chosen values of the clipped concentrations affect the computed values of the mean mixed fluid concentration and its variance, it was found that the data trends were preserved as long as the same criteria were applied to all cases. Figure 9 shows the variation of " C and C var for the three vortex strengths studied. The variation of the computed mean mixed fluid concentration among each set of images taken at a particular convection time ranged between 1.0 and 3.5% as indicated by the error bars in the figure. These results, corresponding to the vortices that contain an abundant amount of the seeded fluid in their core, show that the mean mixed fluid concentration increases with increasing downstream distance as expected. It is however found that the mixing rate begins to slow down at longer convection distances. It was found that the interaction of the growing vortical structure with the walls of the test section inhibited its lateral growth in its later stages. The lateral distortion of the large vortices were observed when the lateral vortex size (2r * ) approached 60% of the channel width. The mixed fluid concentration was found to increase with higher vortex strength at a given downstream location as a stronger vortex is capable of generating more mixing as a result of contact area generation between the two fluids. The experimental trend of C var was found to decrease with increasing vortex strength indicating that the concentration variations from the mean were reduced with increasing level of mixing. Figure 10 shows the comparison of the mean mixed fluid concentration for Re=160 when the vortex is generated from either the unseeded air or the acetone seed side. At early stages, there appears to be differences primarily due to diffusion around the vortex core. In the case of vortex generated from the unseeded air side, the mixed fluid concentration is calculated to be higher as a result of the more mixed fluid development in this case as it can be seen by comparison of the first two sets of vortex images in Fig. 3 . This difference appears to diminish however with increasing convection distance as the effect of initial asymmetry on mixing gradually becomes a smaller part of the total.
The main contributing factor in mixing enhancement by a vortex is the stirring effect that generates contact area between the two fluids. Thus, it is useful to consider this by comparing mixing for similar levels of stirring. Amount of stirring in a vortex can be shown to scale with Ct or in this case as Cl * /U c (see for example Cetegen and Sirignano 1990) . Replotting the mean mixed fluid concentration as a function of this parameter in Fig. 11 , experimental results are found to follow a single variation, indicating that the dominant effect of the vortex on mixing is due to stirring. This can be further substantiated by considering the time scales for diffusion and vortical roll-up. Here d has been taken as the concentration or vorticity thickness of the diffusive interface between the two streams, D is the binary molecular diffusivity and C is the vortex circulation. Assuming these thicknesses are similar for laminar transport in gases, the ratio of time scale of vortex roll-up to that of diffusion scales as s V =s D / D=C ¼ 1=ð2pScReÞ where Schmidt number, Sc=m/D. This ratio is small of the order of 10-10 À4 for the conditions of the experiments indicating that diffusion is much slower À3 than vortex roll-up and the resulting surface area generation.
Finally, to compare this result with that obtained by Cetegen and Mohamad (1993) for liquids, data trend from that study is also shown in Fig. 11 . As expected, the increase of the mean mixed fluid concentration with respect to Cl*/U c is significantly greater for the gas phase experiments compared to the liquid experiments. This is primarily due to the large disparity of the Schmidt numbers for liquids and gases.
The results presented here can have a number of implications in terms of mixing in reacting and nonreacting flows. For example, scalar mixing at small length scale end of the turbulent spectrum occurs in relatively weak vortices for which the type of relationships established in this article could be useful. The vortex core asymmetry observed in this study can also have implications in reacting flows in terms of the fuelair mixture biases depending on how vortices interact with the fuel-air mixing interface. In the recent experiments of Basu and Cetegen (2005) , amount of soot yield from a diffusion flame wrapped by a line vortex was found to depend strongly on the side of the flame from which the vortex interaction was initiated in agreement with other studies in pulsed diffusion flames. It is also envisioned that the experimental results presented here and their extensions will be useful for modeling of turbulent reacting and non-reacting flows.
Concluding remarks
An experimental study was conducted to investigate the mixing enhancement induced by a vortex interacting with an otherwise plane diffusion layer between two gas streams. Utilizing planar laser induced fluorescence of acetone vapor seeded to one of the streams, images of the mixing field were obtained and analyzed to quantify the mixing enhancement. It was found that the mean mixed fluid concentration increases initially linearly with convection time and its scaling with the vortex strength also appears to be linear. The evolution of the mixed fluid concentration can be reduced to a single variation when plotted against the total stirring caused by the vortex that is proportional to Ct * , where C is the vortex circulation and t * is the total time of interaction. Depending on the way the vortex is initially generated, there appears some asymmetry in the vortex core with the core containing an abundant amount of the fluid from the pulsed flow stream. This is reflected in the computed mean mixed fluid concentration values at the early stages of interaction, but the differences disappear at longer interaction times. The mixing rates appear to be significantly higher for the gaseous mixing as compared to the experimental results obtained for liquids. 
